The most common treatments for infectious diseases target the invading pathogen. The efficacy of such an approach may, however, be countered by the possibility of the development of resistance to a pharmacophore, through mutation(s) in pathogen molecules required for activity. Given the fact that pathogens exploit host factors in order to grow in an otherwise hostile environment, one possible way to circumvent the emergence of resistance is to develop drugs that target non-essential host factors hijacked by the pathogen, rather than the pathogen's own molecules. Such solutions are already being developed for various viral and bacterial pathogens, but much less has been achieved with infections caused by protozoan parasites, as is the case of Plasmodium. Here, we highlight recent progress in host target-based anti-viral and anti-bacterial approaches and discuss possible host targets that may be used for anti-malarial interventions. Host molecules that play a role during either the liver or the blood stage of Plasmodium infection are outlined and their potential merits as anti-malarial targets are discussed.
HOST TARGETS AGAINST INFECTION
Drug resistance arguably constitutes the biggest problem faced in the field of infectious diseases today and is a major obstacle to the development of effective strategies to combat infection (see also Noedl H. The need for new antimalarial drugs less prone to resistance. Curr Pharm Des 2013; (this issue)). Pathogens, particularly those with an intracellular habitat, exploit and subvert various host factors for survival and growth in an otherwise hostile environment. As such, one possible way to circumvent the emergence of a pathogen's resistance is to develop drugs that target non-essential host factors hijacked by the pathogen rather than the pathogen's own molecules. Indeed, host proteins are generally well conserved, when compared with the genetic variability of many pathogens. Thus, while mutations within a microbial gene can render useless a drug targeting its encoded protein (see also Garcia-Bustos JF, Gamo FJ. Antimalarial Drug Resistance and Early Drug Discovery. Curr Pharm Des 2013; (this issue)), the need for the parasite to significantly re-direct its entire infection strategy to compensate for a missing host factor is a much more difficult obstacle to overcome through natural selective variation. As such, novel pharmaceutical agents targeting host factors, either on their own or as part of combination therapies, may provide powerful new weapons to battle the resistance problem as they lie outside the genetic control of the parasite (see also Sullivan DJ. Drug Targets Outside The Genetic Control Of The Parasite. Curr Pharm Des 2013; (this issue)). It should be acknowledged that the inhibition of a host factor is an inherently less specific approach than targeting a protein of the pathogenic microorganism. The disruption of important roles of a cellular protein could therefore lead to increased side effects. On the other hand, the host factor approach also offers the potential for accelerated drug discovery and development through synergies with ongoing outputs from studies of different diseases. Host factors needed for a given infection may likely have been the focus of therapeutic development work in other fields, thus opening the possibility of finding anti-infective activities as second medical uses for existing drugs.
TARGETING HOST FACTORS IN INFECTIOUS DIS-EASES: PRESENT SUCCESSES AND FUTURE PROMISES
For a long time pathogens were viewed as mere illness-causing intruders. Nowadays, however, researchers study pathogens in the *Address correspondence to these authors at the Instituto de Medicina Molecular, Faculdade de Medicina, Universidade de Lisboa, Av. Prof. Egas Moniz, 1649-028 Lisbon, Portugal; Tel: +351217999509, Fax: +351217999504; E-mail: mprudencio@fm.ul.pt, mmota@fm.ul.pt context that they are organisms optimally adapted to life in the host. As such, many consider that studying the biochemical interactions of hosts and infectious agents may be the key to finding novel strategies to fight the diseases that arise from them. This work involves answering a number of questions such as: how do pathogens obtain nourishment and reproduce in their hosts? How do hosts react to unwanted guests? And how do disease agents manage to circumvent host defenses? Answering these questions inevitably leads to the finding of the critical host molecules that contribute, either positively or negatively, to the establishment of infection, allowing further studies on how to target and manipulate those host factors.
Additionally, researchers have now on hand a wide array of high throughput methods that allow them to search for critical host factors in unbiased ways. Such strategies for identifying potential host targets may include not only analyses of transcriptomic, proteomic or microRNA (miRNA) expression profiles but also screening of small interfering RNA (siRNA) or short hairpin RNA (shRNA) libraries to identify host genes required for pathogen entry or establishment inside host cells. Furthermore, existing pharmacologically active compounds (for example, those with activity against other pathogens or other diseases) can be screened against the infectious agent of interest.
One of the most interesting and successful examples of screening pre-existing drugs against a human pathogen was the finding that cyclophilins, which are targeted by the immunosuppressant cyclosporin A, are required for hepatitis C virus (HCV) replication [1, 2] . Subsequently, cyclosporin A derivatives without immunosuppressive properties were developed as potential antivirals. It has been shown that nonimmunosuppressive analogues of cyclosporin A, such as the compound alisporivir (also known as Debio 025), can bind host cyclophilin A and inhibit HCV replication [2] [3] [4] . Alisporivir was found to markedly reduce HCV viremia in human clinical trials when used alone or in combination with pegylated interferon [5] and is currently in a phase III trial for the treatment of treatment-naive HCV genotype 1 patients. Another newly developed drug, celgosivir, an inhibitor of the host enzyme endoplasmic reiticulum glucosidase, is currently being evaluated in human trials for efficacy against infection with HCV. Inhibition of this host enzyme results in incorrect folding of HCV envelope proteins and thus in the inhibition of viral assembly and release [6] .
In mammals, miRNAs are predicted to control the activity of ~30% of all protein-coding genes, and seem to participate in the regulation of almost every cellular process, including immunological processes such as innate and adaptive immunity [7] . Therefore, it may not be surprising that pathogens also manipulate host miRNAs for their benefit. Indeed, a highly relevant example is the hostencoded antiviral target, miRNA 122 (miR-122) [8] . miR-122 is an abundant liver-specific miRNA which is crucial for efficient HCV RNA replication in cultured Huh7 cells stably expressing HCV replicons [9] . Moreover, a recent study found that, among chronically HCV-infected individuals, intrahepatic miR-122 levels were significantly lower among patients who responded poorly to interferon therapy [10] . Santaris Pharma has developed a locked nucleic acid-modified oligonucleotide (miravirsen or SPC3649) complementary to the 5 -end of miR-122 that resulted in functional inactivation of miRNA-122. Miravirsen was shown to be active in HCVpositive chimpanzees, markedly reducing HCV RNA replication and showing no significant side effects except for a profound decrease in serum cholesterol levels [11] . Moreover, miravirseninduced antagonism had a potent antiviral effect against HCV genotypes 1-6 in vitro [12] . Thus, miravirsen holds promise as a new antiviral therapy with a high barrier to resistance and a tolerable side effect profile. Moreover, functional inactivation of a miRNA to treat an infectious disease represents a truly novel therapeutic paradigm that extends far beyond the HCV or virology fields. A phase II trial of miravirsen in chronically HCV-infected individuals is currently recruiting patients. Most importantly, several other hosttargeting agents with very different host targets are presently further upstream in the development pipeline for treatment of HCV. Among those, there are agents that block host molecules required for the different steps in HCV life cycle: entry, replication and assembly/release [13] . As such, there is no doubt that HCV is presently one of the most successful examples on how targeting host molecules may strongly impact an infectious disease.
Nevertheless, HCV is not the only pathogen for which hosttargetting therapies are being developed. In HIV infections, the main host co-receptors used by HIV-1 for entry are the chemokine receptors Ccr5 and Cxcr4. The Ccr5 co-receptor is an especially attractive target, because individuals with a natural Ccr5 mutation, which has little apparent impact on immune status or general health, are highly protected against HIV-1 infection [14] [15] [16] [17] . Several studies have searched for compounds that block entry of HIV into host cells [18] . One of these compounds, maroviroc, which blocks Ccr5 [19] , was identified in a high-throughput screen of a chemical library [20] . Maraviroc has entered Phase II clinical studies [21] and was shown synergistically to augment the anti-HIV effects of current anti-HIV drugs [22] .
Quite recently, two teams approached from opposite directions the problem of blocking infection by the filovirus that causes rapid hemorrhagic fever (Ebola) infection-one looked for host factors the virus interacts with while the other started with a small molecule screen and worked backwards to find their targets. Both identified Niemann-Pick disease type C1 (NPC1) as a requisite for cellular entry [23, 24] and both groups have now been reported to be developing small molecules that target the entry protein [25] .
Besides viruses, and with the emergence of multidrug resistant (MDR) bacteria and the need to develop new anti-bacterial intervention strategies, targeting host-specific biochemical pathways during bacterial infections has been also investigated. Genomewide RNA interference of Drosophila SL2 cells identified many host factors involved in protection or exploited and subverted by pathogens [26] [27] [28] . One of these was the Tim-Tom multiprotein complex, which is involved in the recognition and import of nuclear-encoded proteins to the mitochondria. Depletion of either the Tom40 or the Tom22 components reduced Chlamydia caviae infection in mammalian cells [26] . In a different study, forward genetic screens using Drosophila fly mutants rather than cell-based screens identified 18 genes important for host resistance to Listeria monocytogenes [29] that were not previously identified in cell-based assays [27, 28] . A distinct study has developed kinase inhibitors with antibiotic properties that prevent intracellular growth of unrelated pathogens such as Salmonella enterica serovar Typhimurium and Mycobacterium tuberculosis, and identified their host targets [30] . One of the identified host targets was AKT1, which was shown to be implicated in intracellular survival of those bacteria. An inhibitor of AKT with limited specificity that still showed therapeutic potential as an antibiotic without noticeable side effects in mice was also identified [30] . Since AKT is found activated in many human tumours, several AKT inhibitors are already in human trials as anti-cancer drugs [31] . Thus, this study implies that kinases used as anti-cancer drug targets may yield novel antibiotics that counteract host pathways activated by intracellular pathogens for survival.
Another promising approach is to manipulate key host nutrients essential for bacteria (or possibly any pathogen) growth and replication in order either to use them to deliver a drug to the pathogen or to trick the pathogen into taking up a useless analogue. In this respect, the most used and manipulated host micronutrient is iron. Iron is essential for any living organism and pathogens are no exception. In the context of bacterial infections, it has been definitively established that the competition for iron is critical in the struggle between bacteria and host [32] . While the host has potent defense mechanisms to keep iron away from infectious organisms, invaders have also developed systems to acquire iron in order to survive. Because iron is so important in infection, it has been used in the development of distinct "Trojan horse" strategies to target infections, particularly bacterial infections. In one such strategy, researchers managed to attach highly potent antibiotics to synthetic molecules called siderophores, which act as transport vehicles for iron. In fact, nature has provided examples for siderophore-antibiotics such as albomycins, ferrimycins or salimycins. The occurrence of natural isolates of antibiotics using the siderophore pathway to enter the bacterial cell has prompted synthetic attempts to prepare such "Trojan horses" [33] . Given the siderophore-mediated iron uptake system, this strategy can kill off even bacteria that have developed resistance to multiple drugs because of high concentrations of antibiotic in the bacterium's cytosol. Interestingly, a recent study has shown that although the antimalarial agent artemisinin itself is not active against tuberculosis, conjugation to a mycobacterial-specific siderophore analogue induces significant and selective antituberculosis activity, including activity against multi-and extensively drug-resistant strains of M. tuberculosis [34] . The conjugate also retains potent antimalarial activity. Thus, this "Trojan horse" approach demonstrates that new pathogen-selective therapeutic agents, in which the iron component of the delivery vehicle also participates in triggering the antibiotic activity, can be generated. The result is that one appropriate conjugate has potent and selective activity against two of the most deadly diseases in the world.
On a completely different approach, researchers replaced the active Fe(III) moiety with a metabolically-inactive metal ion such as Sc(III), In(III), or Ga(III) [4, 13, 14] to trick bacteria into taking it up instead of iron [35] [36] [37] [38] [39] . Importantly, once inside bacterial cells, these metals cannot function like iron. Recent studies showed that gallium killed microbes, and prevented the formation of biofilms, being effective even against strains of Pseudomonas aeruginosa from cystic fibrosis patients that were resistant to multiple antibiotics. Importantly, gallium's action was intensified in low iron conditions, like those that exist in the human body and, in mice, gallium treatment blocked both chronic and acute infections caused by this bacterium [36] . The administration of the metallocomplex desferrioxamine-gallium (DFO-Ga), as well as liposomal gentamicin formulation with gallium metal (Lipo-Ga-GEN), have also proven to be quite efficient in killing P. aeruginosa [37, 38] .
TARGETING HOST FACTORS DURING PLASMODIUM INFECTIONS
Plasmodium, the causative agent of malaria, is an apicomplexan protozoan obligate parasite. In the mammalian host, Plasmodium is an intracellular parasite, replicating and developing inside vacuoles, initially inside hepatocytes and then followed by successive cycles of replication and reinvasion of red blood cells. While major advances have been made in terms of looking at host resources as targets against infectious diseases caused by viruses or bacteria (see previous section), much less has been achieved with infections caused by protozoan parasites, as is the case of Plasmodium.
The Liver Stage of Infection -Host Molecules as Potential Prophylactic Targets
Plasmodium uses Anopheles mosquitoes to be disseminated. Infection of the mammalian host starts when an infected mosquito deposits Plasmodium sporozoites in the skin of its host during a blood meal. Sporozoites have the ability to interact with host cells in two distinct ways: they can either migrate through cells, breaching the cell's plasma membrane in the process, or they can productively invade a cell, forming a parasitophorous vacuole in which they will replicate [40] . The ability to traverse cell barriers enables Plasmodium sporozoites to reach the liver from their injection site in the dermis. Thus, interfering with this step would be critical for Plasmodium infection. However, while several parasite molecules have been described to play critical roles in this process, no host factors have ever been established as important for Plasmodium migration through cells. Importantly, however, it has been proposed that host heparan sulfate proteoglycans (HSPGs), which modulate the actions of a large number of extracellular ligands, provide an environmental signal that modulates the behaviour of Plasmodium sporozoites. Indeed, sporozoites preferentially migrate in the presence of host HSPGs with low levels of sulfation, whereas contact with cells expressing highly sulfated HSPGs, such as the ones encountered in the liver, triggers productive invasion with formation of a vacuole [41] . Thus, HSPGs seem to be a critical host factor not only to capture Plasmodium sporozoites in the liver but also to signal them productively to invade hepatocytes. However, their pivotal role in critical functions of the liver limits their potential for anti-malarial intervention.
Once in the liver, Plasmodium sporozoites must successfully invade a hepatocyte in order to replicate into thousands of new parasites, called merozoites, which will then infect red blood cells. Why sporozoites specifically target hepatocytes remains to be established. Still, a possible reason is the fact that hepatocytes are a rich source of nutrients and metabolites, which might be critical for such a high replication rate. Having that in mind we sought to undertake a genome-wide microarray approach to investigate liverparasite molecular interactions and obtain a time-dependent profile of the transcriptional landscape of murine hepatoma cells infected by P. berghei sporozoites [42] . This transcriptional analysis of the host cell response to Plasmodium infection and development revealed a coordinated and sequential set of biological events. This study has identified several host genes and pathways with clearly modulated expression profiles as a result of infection and which constitute a repertoire of novel host factors that are prime candidates for intervention strategies [42] . A quite recent study has attempted a similar type of approach with P. falciparum sporozoites. The authors have used mRNA from HepG2-A16 cells exposed to freshly isolated P. falciparum sporozoites for different periods of time (30-180 minutes) [43] . While P. falciparum sporozoites are known to enter these cells, whether this occurs with formation of a parasitophorous vacuole or, instead, by breaching their plasma membrane remains to be established. Thus, this study might be identifying the signals induced in host cells by migration of sporozoites rather than by productive invasion. In any case, the host molecules identified in these two studies may now be used in functional assays to determine whether or not they play key roles during liver stage infection.
Host Cell Kinases
A wide array of high throughput methods is now available to researchers, allowing them to employ unbiased strategies to search for critical host factors. These include not only descriptive analyses, such as transcriptomic (see above), proteomic or miRNA expression profiles (not yet performed for Plasmodium liver stage infections), but also functional screens such as screening of siRNA or shRNA libraries.
Since phosphorylation and dephosphorylation events, enzymatically catalysed by kinases and phosphatases, constitute the most important signalling mechanisms known in eukaryotic cells, it is not surprising that the host kinome is frequently the basis for such types of functional screens. Thus, recently, we have used systematic RNA interference (RNAi) screening selectively to silence the expression of 727 genes encoding proteins with known or putative kinase activity, as well as kinase-interacting proteins, thereby covering the entire annotated kinome. This study showed that down-modulation of the expression of MET, PKC (PKCzeta), PRKWNK1, SGK2 and STK35 led to a marked decrease in infection of hepatoma cells by P. berghei, implicating these host kinases in liver-stage infection by Plasmodium parasites and identifying them as potential targets for anti-malarial intervention [44] . Interestingly one of those kinases, MET, has been previously identified in a different study. Indeed, we have previously observed that hepatocyte traversal by sporozoites, which occurs prior to the productive invasion of a final cell [40] , activates the parasites for infection [45] . Cell traversal induces the secretion of hepatocyte growth factor (HGF), which then binds to the MET receptor, a tyrosine kinase that acts as a mediator of signals that make the host cell susceptible to infection [46] . Besides, HGF was recently suggested to interact with the promoter region of Plasmodium subtilisin-like protease 2 (SUB2), an essential integral membrane serine protease in both P. falciparum and P. berghei [47] . Genistein, a major component of soybeans, is a known inhibitor of tyrosine kinases [48] , an activity suggested to be responsible for this compound's ability to inhibit the intraerythrocytic development of P. falciparum and P. chabaudi in vitro [49, 50] . Stemming from these observations, the effect of genistein during the hepatic stage of Plasmodium infection and its potential as a prophylactic anti-malarial were investigated. This study demonstrated not only that genistein inhibits P. berghei sporozoite development in vitro and in vivo but also that the inclusion of genistein as a mouse dietary supplement affects the full course of a malaria infection [51] . This report speculates that the effect of genistein on infection might depend, at least partly, on its activity as a tyrosine kinase inhibitor on the hepatocyte [51] . This would make genistein the first host target-based agent against malaria, and one whose safety profile [52] would make it ideally suited for prophylactic intervention. However, it was recently reported that, unlike P. berghei, cell traversal by P. yoelii or P. falciparum does not lead to the activation of MET [53] . This study highlighted the fact that different Plasmodium species have evolved different mechanisms to infect their hosts. Thus, the identification of signaling molecules important for hepatic infection should be broadly applicable to malaria parasites in general, including those infecting humans. In any case, given the wide array of kinase inhibitors available and under development, signaling molecules such as those identified in this first RNAi screen are potential targets for drugbased intervention.
Hepatocyte Membrane and Lipoprotein Pathway Molecules: SR-BI, CD81, and L-FABP
Another RNAi-based approach was employed systematically to address the effect of down-modulation of the expression of human lipoprotein pathway genes on infection of human hepatoma cells by Plasmodium sporozoites. Results from this screen, complemented by a variety of experimental approaches, identified an important role for scavenger receptor class B type I (SR-BI) during cell invasion by the parasite as well as during the latter's intracellular developmental process [54] . This hepatocyte membrane receptor mediates the traffic of cholesterol to and from lipoproteins, acting as the major receptor for high density lipoproteins (HDL) [55, 56] . SR-BI mediates the selective uptake of cholesteryl esters (CE) from lipoproteins, a process in which lipoprotein-derived CE are transferred to cells without degradation of lipoprotein particles [57, 58] . It is now also recognized as a major player during Plasmodium infection of liver cells and a potential host target for prophylactic intervention [54] . A series of small synthetic molecules, termed "blockers of lipid transport" (BLTs), were reported to inhibit the SR-BImediated selective uptake of lipids from HDL [59] . Several of these compounds were shown to inhibit Plasmodium infection of hepatic cells in vitro and BLT-1 inhibits in vivo infection of mouse models of malaria infection [54] . It should be noted, however, that SR-BI plays a physiologically crucial function in cells, whose disruption would impair cellular cholesterol uptake, which limits its potential as an anti-malarial target.
The exact mechanism through which SR-BI influences invasion of cells by Plasmodium is unknown. It has been proposed that cholesterol uptake by SR-BI at the plasma membrane facilitates reorganization of the hepatocyte membrane, which would involve the transport and/or positioning of CD81 molecules at the cell membrane, facilitating CD81-mediated sporozoite entry [60] . CD81 is a member of the tetraspanin integral membrane protein family, which associate with one another and with other membrane proteins to form specific proteo-lipidic membrane microdomains [61] . Tetraspanins have 4 transmembrane domains that delimitate 3 short cytosolic regions and 2 extracellular domains of unequal size (the small extracellular loop (SEL) and the large extracellular loop (LEL)) [62] . CD81 has previously been identified as an essential receptor for HCV (reviewed in [63] ). More recently, it has been shown to be required for human P. falciparum and rodent P. yoelii, but not P. berghei, sporozoite entry into hepatocytes with formation of a parasitophorous vacuole [64] . Presumably, CD81 is not required for P. vivax infection, as these sporozoites can infect HepG2 cells, which do not express CD81. Host cell susceptibility to Plasmodium sporozoites is differently affected by expression of human CD81 depending on parasite species [65] and on host cell type [66] . Besides, CD81 localization into cell surface tetraspanin microdomains has been shown to depend on cholesterol, supporting a functional link between cholesterol and CD81 during Plasmodium sporozoite infection [67] . Nevertheless, the mechanism through which CD81 allows entry of Plasmodium sporozoites into hepatic cells is still unknown. It has been shown that hepatocyte permissiveness to Plasmodium infection depends on a conserved 21 amino acid stretch on CD81's LEL [68] . However, a GST-fused recombinant CD81 LEL failed to block infection of hepatocytes by sporozoites [64] , suggesting that CD81 does not serve as a direct receptor for a Plasmodium protein. Instead, it has been suggested that CD81 functions through the regulation of an associated protein that could function as a sporozoite receptor [68] . The identification of CD81 partner molecules will provide insights into the mechanisms by which it supports infection by Plasmodium sporozoites and might contribute to the design of inhibitors specifically targeting the CD81-dependent entry step [68] .
Besides its putative effect on the organization of CD81-enriched microdomains, SR-BI has also been suggested to activate the expression of liver-fatty acid-binding protein (L-FABP) [60] . L-FABP has been identified as a critical host factor for the development of Plasmodium liver stages [69] . It interacts directly with upregulated in sporozoites-3 (UIS3), a parasite protein essential for liver stage development, which constitutes the first identified direct liver stage Plasmodium-host cell protein interaction. L-FABP belongs to a large family frequently referred to as the intracellular lipid binding proteins or iLBPs (reviewed in [70] ). The downregulation of L-FABP's expression in hepatocytes severely impairs parasite growth while its overexpression promotes growth [69] . Structural and biochemical evidence of PfUIS3 (a.a. 130-229) interactions with lipids (phosphatidylethanolamine), with phospholipid liposomes, and with the human L-FABP has been obtained [71] . The latter interaction most likely provides the parasite with a conduit for importing essential fatty acids/lipids and provides a new possible target for inhibiting parasite development within liver cells [71] .
In sum, while interfering with molecules such as those described above may be difficult due to their very important physiological functions in the host, a detailed understanding of the biology behind their roles in Plasmodium infection may inform strategies to intervene at the host-parasite interface.
The Role of HO-1 in Liver Infection
As previously mentioned, our study of the transcriptome of hepatoma cells identified several host factors whose expression is modulated throughout infection by P. berghei parasites [42] . Among these, the expression of heme oxygenase 1 (HO-1, encoded by Hmox1) was found to be up-regulated at all time points assessed [42] . HO-1 is a stress-responsive enzyme that converts the protoporphyrin IX ring of heme into biliverdin, releasing iron (Fe) and producing carbon monoxide (CO) [72] . Interestingly, it has been shown that the induction of HO-1 expression liver stage by Plasmodium modulates the host inflammatory response, protecting the infected hepatocytes and promoting the liver stage of infection [73] . This study demonstrated that the abrogation of the expression of HO-1 led to the resolution of liver infection by P. berghei-infected mice, making it a possible host target for prophylactic intervention against malaria.
It is important to bear in mind that intervention during the liver stage of infection must be prophylactic unless future research demonstrates that host factors contribute to the establishment, maintenance or re-activation of P. vivax hypnoozites.
THE BLOOD STAGE OF INFECTION -THERAPEUTIC TARGETS HO-1 and Blood-Stage Plasmodium Infection
While HO-1 seems to play a detrimental role to the host during liver infection by the malaria parasite [73] , it plays a clearly beneficial one during the symptomatic blood stage of infection. In fact, HO-1 has been shown to prevent the development of experimental cerebral malaria (ECM) in mouse models of infection [74] . This study demonstrated that ECM incidence was increased by deletion of Hmox1 and inhibition of HO-1 activity whereas it was decreased by induction of HO-1 and exposure to the end-product of its activity, CO, leading to the suggestion of the controlled use of CO as an anti-malarial therapeutic strategy [74] [75] [76] . Very recently, a novel carbon monoxide releasing molecule (CO-RM) (ALF492) was shown to protect mice from severe malaria through controlled CO delivery in vivo. The protective effect was shown to induce the expression of HO-1, which contributes to the observed protection [77] . When administered in combination with artesunate, this CO-RM revealed to be an effective adjunctive and adjuvant treatment for ECM conferring protection after the onset of severe disease [77] . Interestingly, HO-1 was also shown to afford protection against non-cerebral forms of severe malaria, such as those associated with hemolytic anemia and hepatic damage [78] . This protection was shown to stem from the anti-oxidant effect of HO-1, which counters the oxidant effect of free heme and thereby affords protection against tumour necrosis factor-mediated apoptosis. Importantly, this cytoprotective effect is mimicked by pharmacological antioxidants such as N-acetylcysteine, which, when administered therapeutically, suppressed the development of hepatic failure in P. chabaudi-infected mice [78] . Altogether, while upregulation of HO-1 promotes the establishment of Plasmodium liver infection, HO-1 activation seems to induce tolerance to infection by Plasmodium blood stages protecting the host from severe disease. Interestingly, and similarly to what we have described for blood versus liver stages of infection [73] , a recent report shows that HO-1 activation occurring during malaria infections impairs resistance to a coinfection by Salmonella [79] , providing an explanation for the susceptibility to nontyphoid Salmonella bacteremia in individuals with malaria, which is a common and often fatal complication of P. falciparum infection in sub-Saharan Africa. Importantly, population genetic studies have suggested that genetic variants of the HO-1 gene may contribute to malaria pathogenicity and severity in patients with severe P. falciparum malaria [80, 81] . Whether this effect is related to the role that HO-1 plays in the establishment of Plasmodium liver stage infection [73] or in the reduced resistance against other co-infections, such as Salmonella [79] , remains to be established.
Vascular Endothelial Growth Factor (VEGF)
The wide range of clinical presentations of severe malaria includes, among several other syndromes, acute lung injury (ALI) and acute respiratory distress syndrome (ARDS). High levels of plasma VEGF, a critical molecule for vasculogenesis and angiogenesis, were previously found in non-malaria ALI/ARDS patients [82] . More recently, it was shown that high levels of circulating VEGF also correlate with malaria-associated ALI in a rodent model of infection [83] . The host inflammatory response has been postulated to play a major role in the onset of distinct severe forms of malaria infection [84] . In the case of malaria-associated ALI, an uncontrolled inflammatory response of the host to the parasite seems to be responsible for the observed increase in VEGF levels, which in turn results in the VEGF-mediated increase in lung vascular permeability [83] . Interestingly, administration of the anti-inflammatory molecule CO by inhalation [83] or through a CO-RM [77] suppressed the onset of malaria-associated ALI in mice. The identification of VEGF as a critical host factor for the onset of malariaassociated ALI in mice led to the suggestion that interfering in vivo with VEGF levels might protect from the onset of this syndrome, in agreement with the observation that treatment of mice with the soluble form of the VEGF receptor (sFLT1) led to a decrease in VEGF levels in circulation, concomitant with protection from malaria-associated ALI [83] .
Placental malaria (PM) can occur during pregnancy and can induce changes in placental structure and function, affecting fetal growth and leading to low birth weight [85] . The VEGF pathway has been implicated in maternal-fetal conflict occurring during chronic PM and hypertension in first-time mothers [86] . Another study has reported lower VEGF levels in the syncytiotrophoblasts of PM placentas than in those of asymptomatic controls [87] . More recently, an association has been found between pregnancy outcome during PM and the genotype of infant soluble fms-like tyrosine kinase 1 (sFlt1), also known as soluble VEGF receptor 1, which, the authors postulate, may modulate the maternal inflammatory response to PM [88] .
Strategies to develop VEGF-targeted therapies are currently being pursued in various fields of biomedical research, ranging from cancer to neovascular age-related macular degeneration. Hence, the application of some of these therapies to malaria patients with critically high VEGF levels is a possibility worth considering.
Erythrocyte Receptors for Plasmodium Invasion
Erythrocyte invasion by P. falciparum is central to the pathogenesis of malaria. Up until recently, it was believed that P. vivax relies on a single pathway to invade red blood cells (RBCs), using the Duffy blood group antigen as a receptor for invasion [89] . The Duffy antigen is a chemokine receptor on the surface of the RBCs and belongs to the superfamily of G-protein coupled receptors (GCRs) [90] . The correlation between the Duffy-negative serological phenotype and resistance to P. vivax malaria would explain the near absence of this parasite from West Africa, where almost 95% of the population has the Duffy-negative phenotype and is resistant to P. vivax malaria [91] , an observation bearing important implications in drug or vaccine design [92] [93] [94] . However, recent analyses of Duffy blood group polymorphisms in Madagascar [95] , Angola and Equatorial Guinea [96] , and in Mauritania [97] , demonstrated that P. vivax is able to infect Duffy-negative patients, which may have a significant impact on P. vivax's current distribution as well as on the development of intervention strategies. Contrary to P. vivax, P. falciparum has long been described as invading RBCs through multiple, alternative pathways, with significant redundancy [98] . The Plasmodium receptors identified on RBCs include glycophorin A [99] , glycophorin C [100] , glycophorin B [101] , and complement receptor 1 [102] . P. falciparum has been shown to invade erythrocytes in both a sialic acid (SA)-dependent and an SAindependent fashion, and to be able to switch reversibly between these two modes of invasion [103] . However, none of the known receptor-ligand interactions identified until recently were required in all parasite strains tested. This state of affairs changed with the recent identification of the Ok blood group antigen, basigin, as being essential for erythrocyte invasion across P. falciparum strains [104] . Basigin is a receptor for PfRh5, a parasite ligand that is essential for blood stage growth [105] . Soluble basigin, basigin knockdown, or anti-basigin antibodies efficiently inhibited erythrocyte invasion [104] . The essentiality of the interaction between basigin and PfRh5 for the strain-independent parasite entry may therefore provide new possibilities for therapeutic intervention [106] .
Cytoadherence and Sequestration Receptors
Another host-dependent process that plays a fundamental role in the pathogenicity of malaria parasites, particularly P. falciparum, is its unique ability to cause infected red blood cells (iRBCs) to adhere to the linings of small blood vessels. This process is termed cytoadherence and the ensuing sequestration of iRBCs is frequently suggested to be a key feature in the pathogenesis of severe malaria (see [107, 108] for reviews). The most widely suggested justification for sequestration in P. falciparum malaria is that adhesion of iRBCs to the endothelium allows the parasite to escape peripheral circulation and be cleared by the spleen. Another Plasmodium survival advantage is that sequestration in the deep tissue microvasculature provides the parasites with a microaerophilic venous environment that promotes maturation and faster asexual replication. Alternative, but not necessarily exclusive, explanations include sheltering of the iRBCs against destruction by the immune system of the host, enhanced survival of the gametocyte and immunomodulation by inhibition of the maturation and activation of dendritic cells (reviewed in [109] ). Recently, a rodent model of malaria was employed to show that, in addition to avoiding spleen removal, other factors related to sequestration may be beneficial for parasite growth [110] .
P. falciparum erythrocyte-membrane protein-1 (PfEMP-1) is the major parasite ligand involved in cytoadherence. PfEMP-1 is a high molecular weight protein that is inserted in the erythrocyte membrane between 16 and 20 hours after invasion and protrudes out of the knobs on the iRBC [111] . PfEMP1 is encoded by a large and diverse gene family called var, which enables PfEMP-1 to undergo antigenic variation, a major virulence factor in malaria (reviewed in [112] ). Different host molecules on the surface of the endothelium serve as ligands for different forms of PfEMP-1 and participate in the interactions that mediate cytoadherence of iRBCs. Among the most important ones identified so far are CD36 [113] , thrombospondin (TSP) [114] , intercellular adhesion molecule-1 (ICAM-1) [115] , vascular cell adhesion molecule-1 (VCAM-1) [116] , E-selectin (endothelial leukocyte adhesion molecule 1, ELAM-1) [116] , platelet/endothelial cell adhesion molecule-1 (PE-CAM-1/CD31) [117] , chondroitin sulphate A (CSA) [118] , and hyaluronic acid (HA) [119] , the latter two being specifically implicated in placental malaria. Whilst some host ligands appear to be nearly ubiquitous, others seem to be organ-or cell-specific. This specificity has implications in terms of disease severity and adhesion mechanisms. Moreover, sequestration in an organ is likely to involve multiple receptors, and different combinations of specific receptors for adhesion may determine the site at which parasites adhere and accumulate [107] . Although the exact role of each of these molecules in pathogenesis remains largely unclear, the inhibition of iRBC adhesion to certain host receptors has been proposed to bear therapeutic value. Two such examples are given below.
CD36 (encoded by CD36), also known as GP88 or platelet glycoprotein IV, is probably the most extensively studied receptor molecule involved in cytoadherence of P. falciparum-iRBC. Nevertheless, the role of CD36 in malaria pathogenesis is far from being established. CD36 is ubiquitously expressed in lung, kidney, liver and muscle vasculature, where it can contribute to the sequestration of iRBC [120] . It has been suggested that preferential sequestration of iRBCs by CD36 expressed in non-vital organs such as skin and muscle, as opposed to the brain, could be advantageous for host survival [121] . On the other hand, analyses of CD36 polymorphisms have yielded contradictory results regarding the role of CD36 in disease severity (reviewed in [122] ). The fact that the role of CD36 in the pathogenicity of malaria is still ambiguous has important implications in terms of the development of therapies or vaccines that target the interaction between PfEMP-1 and the CD36 receptor. The in vitro-based assumption that adherence to CD36 contributes to disease severity and results in negative clinical outcomes triggered research aimed at interfering with this interaction, which resulted in the identification of several antibodies or peptides that block adhesion of iRBC to CD36 (reviewed in [122] ). Further insight into the role of CD36-mediated sequestration in malaria pathogenesis has been gained form studies employing rodent models of infection [123] . A role for CD36 in sequestration of the rodent P. berghei parasites was initially established by Franke-Fayard et al., in a report that also showed that ECM-associated pathology is not associated with CD36-mediated sequestration [124] . CunhaRodrigues et al. later employed bone marrow chimeric mice, expressing CD36 exclusively in haematopoietic or in nonhaematopoietic cells, to study the relevance of different CD36 adhesion phenotypes on the pathological course of Plasmodium infection. The authors concluded that CD36 plays a dual role in P. berghei infection, its expression in macrophages and dendritic cells having a beneficial effect for the host, and its expression in endothelial cells leading to adverse effects [125] . Thus, the question remains: are therapies aimed at blocking CD36 cytoadherence likely to improve the clinical outcome of malaria or will they have the opposite, undesired, effect? On the one hand, the idea of blocking adhesion of iRBC to what is likely to be their highest affinity receptor seems appealing in light of the long-held assumption that cytoadherence is associated with severe malaria. On the other hand, field studies have so far been unable to demonstrate that CD36 adherence is associated with disease severity and some have even suggested otherwise (reviewed in [122] ). At present, it is clear that further studies are needed in order to unequivocally ascertain the role of CD36-mediated adhesion in the clinical severity of a malaria infection and the merits of targeting this host factor as a means to fight disease.
ICAM-1, also known as CD54, is widely distributed in endothelial cells including, unlike CD36, those of the brain microvascular system [126] . Unequivocal in vivo evidence of the involvement of ICAM-1 in sequestration, mainly in the brain, has been reported [127] , leading to the notion that ICAM-1 may play an important role in cerebral malaria. This receptor has also been shown to contribute to the cytoadherence of iRBC within the intervillous spaces of the P. falciparum-infected placenta, supporting a possible role of ICAM-1 in placental malaria [128] . For these reasons, it is generally accepted that ICAM-1 may play an important role in iRBC sequestration in P. falciparum malaria and in the severity of disease. However, studies attempting to correlate a high-frequency coding polymorphism in the ICAM-1 gene of individuals from an area of high malaria endemicity with disease severity yielded contradictory results (reviewed in [122] ). Thus, the potential usefulness of anti-malarial therapies aimed at interfering with ICAM-1 sequestration remains questionable. Anti-ICAM-1 monoclonal antibodies have been developed and shown to block adhesion of iRBC and to reduce or even to reverse sequestration (reviewed in [122] ). Available data seem to suggest that an approach aimed at blocking adhesion to ICAM-1 may hold therapeutic potential, namely in preventing the development of cerebral malaria. However, only circa 10% of the clinical parasite isolates tested adhere to ICAM-1 [129] , an observation that raises doubts about the usefulness of anti-ICAM-1 therapies in the field. Therefore, it seems unlikely that targeting ICAM-1-mediated sequestration alone will be of great therapeutic benefit. Nevertheless, given its well-documented association with the development of CM (e.g. [130] ), ICAM-1 clearly needs to be taken into account in any combined anti-adhesive therapies that may be envisaged.
Iron and Hepcidin
Infectious diseases induce alterations in the distribution of iron in the human body. Many of these alterations are attributable to the actions of hepcidin, a peptide hormone that is a major regulator of iron metabolism and is thought to play a central role in the anemia of chronic inflammation [131] . Hepcidin inhibits the absorption of iron through enterocytes and impairs iron release by macrophages through degradation of the iron exporter ferroportin [132] . P. falciparum-parasitized erythrocytes were shown to up-regulate hepcidin production by peripheral blood mononuclear cells [133] . Increased serum hepcidin concentrations, accompanied by hepcidin-mediated iron delocalisation, were described in children with asymptomatic P. falciparum and P. vivax parasitemia, in the absence of a marked acute phase response [134] . Intracellular iron sequestration and reduced iron availability have been shown to be beneficial by reducing iron availability to other pathogens [135] . Recent findings have shown that hepcidin also plays a protective role in the protection of mice against malaria superinfection [136] . The notion that hepcidin-mediated iron re-distribution may play an important role during infection by Plasmodium is further discussed in [137] and reaffirms the previously suggested need for a careful evaluation iron supplementation programmes in malaria-endemic regions [138] . Conversely, given the essential role of iron during Plasmodium's life cycle, while iron-chelating drugs might appear as tempting strategies to control infection, the potential advantages of such strategies must be carefully weighed against the increased risks of anemia.
CONCLUSION
Altogether, while current treatments for infectious diseases aim to kill invaders, more creative solutions that take into account the pathogen´s needs for host resources are being considered. Obviously the overall success of such approaches also depends on obtaining a global view of humans and microbes using methodologies such as "systems biology", which are still in their infancy. Nevertheless, current tools have already yielded deep insights into the interplay between hosts and infectious agents. Moreover, recent reports on the effects of drugs with known targets in the host cell on Plasmodium liver stage infection [139] [140] [141] will certainly shed light on novel host-parasite interactions. Altogether we believe that a creative future with important changes in the way diseases are treated in the clinic might become a reality.
